Harpagophytum procumbens, an indigenous plant to southern Africa, has extensive pharmacological activity. It is traded internationally but is difficult to cultivate. In vitro propagation techniques are also problematic due to a high incidence of shoot-tip necrosis (STN). The effect of various culture conditions on regeneration and STN of H. procumbens were investigated. In this paper the effects of medium type and strength, sucrose concentration, sugar types, callus explant and sub-culturing were studied. Of the different media types tested, half-strength Murashige and Skoog (MS) medium reduced STN significantly without affecting shoot multiplication and growth. Sucrose at 0.086 M (3%) was the preferred carbon source both in terms of growth and preventing STN compared to glucose, maltose and fructose at equimolar concentrations. Indirect organogenesis of this species was possible via callus obtained from nodal explants with BA at 4.4 μM and IAA at 5.4 μM being the best hormone combination but the plants were hyperhydric. Transferring cultures to fresh medium at two-weekly intervals helped to reduce STN and enhanced growth.
Introduction
Indigenous to southern Africa, Harpagophytum procumbens [(Burch) de Candolle ex Meissner] is a member of the Pedaliaceae. It is a perennial tuberous plant with creeping annual stems up to 2 m long. The above ground parts emerge after the first spring rain and die back during winter or due to drought. Commercial devil's claw (commonly used name for commercial Harpagophytum species) comprises two species namely H. procumbens and H. zeyheri, [(Engler) Ihlenfeldt and H. Hartmenn] each having different sub-species. In addition to the name 'devil's claw' which represents the two species of the genus Harpagophytum, other common names such as grapple plant, wood spider, duiwelsklou, teufelskralle, griffe du diable, sengaparile, kamangu, kanako and other local names are also used. The subject of this study, H. procumbens, is commonly traded under the pharmaceutical name Harpagophyti radix (Stewart and Cole, 2005) .
Harpagophytum spp. belongs to some of the most studied medicinal plants with pharmacological activity analysis and clinical tests dating back to the 1960s. Extracts of tubers of Harpagophytum spp. are active in the treatment of degenerative rheumatoid arthritis, osteoarthritis, tendonitis, kidney inflammation and heart disease (Stewart and Cole, 2005) . A large proportion of this plant's international trade comes from Namibia with smaller volumes from South Africa and Botswana (Raimondo and Donaldson, 2002) . The cultivation of devil's claw is facing some problems. Attempts to propagate the species from seeds failed due to low germination rates. Plants propagated by cuttings failed to produce primary roots resulting in only a single harvest (Kathe et al., 2003) .
An in vitro propagation method of devil's claw was reported (Levieille et al., 2000; Levieille and Wilson, 2002) and gave a coefficient of multiplication of four plants per month per explant. This technique, using single node explants, consisted of root induction treatments with indole-3 acetic acid (IAA) in the dark, followed by plant development in growth regulator-free medium under light (Levieille and Wilson, 2002 ). An in vitro method was also developed in Pietermaritzburg, South Africa by the Research Centre for Plant Growth and Development where a plant development step using N 6 -benzyladenine (BA) as the sole growth regulator was included (Ramarosandratana, unpublished data). Developed plantlets spontaneously rooted in the same medium after two months of culture. This second method seemed attractive as it eliminated sub-culturing to rooting medium. However, shoot-tip necrosis (STN) occurred during elongation of the explants. This rapid necrosis of the apical shoot triggered growth of axillary buds. This mode of development produced plants with many branches before acclimatization and transplantation into soil. With longer duration in culture and repeated sub-culturing, the problem of STN became severe with plants accumulating basal callus and eventually losing their ability to root in a multiplication medium (Bairu, unpublished data) .
The problem of non-pathogenic dieback or shoot necrosis in vitro has been associated with various culture conditions such as salt formulation, growth regulators, use of additives like charcoal to medium, duration of culture, physiological disorders associated with rooting, sulphur content and NH 4 /NO 3 ratio and pH fluctuations (Bellarosa, 1988; Vieitez et al., 1989; De Block, 1990; Kataeva et al., 1991; Lakshmi and Raghava, 1993; Mackay et al., 1995; Piagnani et al., 1996; Grigoriadou et al., 2000; Seling et al., 2000; Wang and Van Staden, 2001 ). The aim of the current study was to investigate the effect of some of these factors, namely type of media and ionic strength, carbon source, frequency of sub-culturing and explant on the growth of H. procumbens in an attempt to decrease the frequency of STN.
Materials and methods
Previously maintained cultures of H. procumbens were used as the source of nodal explants. Cultures were sub-cultured to fresh full-strength Murashige and Skoog (MS) medium supplemented with 8.8 μM BA, 0.9% (w/v) agar (Bacteriological, Oxoid No. 1) and 3% (w/v) sucrose every 3-4 weeks to maintain the stock. Cultures of nodal explants (1 cm) were incubated in a growth room with cool fluorescent tubes (Osram L75 W/20X) with a light intensity of 45 μmol m − 2 s − 1 at 25 ± 1°C and a 16-h light photoperiod. These culture conditions were used for all experiments.
Effect of media composition and strength on regeneration and STN
To investigate the effect of type and strength of nutrient media on STN, Murashige and Skoog (1962) , Nitsch and Nitsch (1969) , Basal Medium (NB) and Woody Plant Medium (WPM) (Lloyd and McCown, 1980) supplemented with 0.9% (w/v) agar, 3% (w/v) sucrose and 4.4 μM BA were tested in a completely randomized design at three levels; full-strength, half-strength and quarter-strength. The pH of the media was adjusted to 5.8 with 1 M HCl or 1 M NaOH before the addition of agar. Thirty ml of medium was poured into 250 ml screw cap jars which were then autoclaved at 1.05 KPa at 121°C for 20 min. Cultures were maintained in the conditions described above. Each treatment had four replicates with six one-monthold nodal explants each. After four weeks, growth parameters such as average number of shoots per explant, percent necrotic shoots and average shoot length were measured and analyzed using the MINITAB version 14 (Minitab Ltd., USA). Fisher's least significant difference (LSD) at the 5% level was used to analyze the differences between the means.
Effect of type and concentration of sugars on regeneration and STN
Various concentrations of sucrose (1, 2, 3 or 4%) and equimolar concentrations (0.086 M) of different sugars (glucose, fructose, sucrose and maltose) were also tested. A completely randomized design with four replicates having 25 explants each was used. The culture responses were expressed in terms of number of shoots per explant, percentage of necrotic shoots and average length of shoots after 4 weeks growth. Percentages of response data were analyzed using one-way analysis of variance (ANOVA) after arcsine transformation using the MINITAB package.
Induction of plantlets from callus cultures
After observation of differentiating callus on cultures of nodal explants, indirect organogenesis via callus was attempted to see the possibility of using nodal-explant-derived-callus as an alternative source of explant. In vitro regenerated shoots were used as a source of explants where approximately 1-2 cm-long nodal segments were excised from these shoots and transferred to the same fresh medium. After 3-4 weeks, explants were transferred to shoot-induction MS medium with 3% sucrose containing 0, 2.2, 4.4, 6.6 or 8.8 μM BA (Sigma-Aldrich) and different concentrations (0, 1.8, 3.6, 5.4 or 7.2 μM) of IAA. Eight explants (pieces of callus) were cultured per jar. The explants were transferred to fresh medium after 4-5 weeks. Each experiment was repeated twice, maintaining 6 replicates (48 explants) each time.
The response was expressed as the average number of shoots per callus piece, average length of shoots (cm), percentage of explants forming roots and average root length (cm). Data expressed as percentage response were arcsine transformed and subjected to one-way analysis of variance (ANOVA) using the MINITAB version 14 (Minitab Ltd., USA). Fisher's least significant difference (LSD) at the 5% level was used to analyze differences between the means.
Effect of frequency of sub-culturing on regeneration and STN
Cultures from the above experiments were used to assess the effect of sub-culturing. Uniformly-grown cultures were divided into two categories. Cultures in the first category were subcultured every 4 weeks whereas cultures in category two were sub-cultured every 2 weeks, keeping other media components constant. Growth parameters were recorded and analysed after one growth cycle.
Results and discussion
3.1. Effect of media composition and strength on regeneration and STN Three different basal media (MS, NB and WPM) were used for raising cultures of H. procumbens. The three basal media differed in their ionic strength. Half-strength and quarterstrength of all three basal media resulted in significantly less necrotic shoots compared to their full-strength counterparts (Table 1) .
Both MS and NB media produced a similar number of shoots with WPM having significantly fewer shoots (Table 1) . However, the number of shoots that developed per explant varied significantly on full-and half-strength media (P ≤ 0.05). Lowering the concentration of salts in media reduced the shoot elongation capacity. On the half-and quarter-strength WPM as well as on quarter-strength NB medium, shoot elongation was drastically reduced. In some cases, the shoot buds failed to open even after a prolonged culture period of 8 weeks (Table 1 ). This variation between the different media types could be attributed to variation in salt strength. One would expect an herbaceous plant like devil's claw to grow better in MS media than WPM (Hartmann et al., 1997) . The idea of using NB and WPM was therefore, mainly to see their effect on STN. They however, failed to reduce STN compared to MS (Table 1) .
Effect of type and concentration of sugars on regeneration and STN
Sucrose is an important source of carbohydrate in the culture medium as well as acting as an osmoticum (Hartmann et al., 1997) . Various concentrations of sucrose were tested in the culture media. At 1% concentration, shoot proliferation as well as elongation was very poor. An increase in the concentration of sucrose favoured shoot development with a maximum of 5.4 shoots per explant measured at 3% sucrose. Increased concentrations of sucrose concomitantly increased the number of necrotic shoots (Table 2) .
Although sucrose is the most widely used carbohydrate and carbon source in tissue culture, some reports indicate that it may cause hypoxia and ethanol accumulation due to fast metabolism (Neto and Otoni, 2003) . The addition of a carbon source could also result in a significant decrease in the media osmotic potential (Neto and Otoni, 2003) . These conditions could in turn interfere with the nutrient uptake process. This interference would most likely result in the failure of absorption or diffusion of some important elements. In H. procumbens, increasing the sucrose concentration in the media improved shoot multiplication, but also significantly increased the incidence of STN (Table 2) . Since the ultimate goal of any tissue culture system is to have an improved multiplication rate of healthy plants, an alternative solution to overcome STN in H. procumbens cultures needed to be found.
To find an alternative carbon source for H. procumbens, the effect of different sugars (two monosaccharides: glucose and fructose; two disaccharides: maltose and sucrose) on shoot proliferation and necrosis were investigated where equimolar (0.086 M) concentrations of these sugars were tested. The sucrose-supplemented media gave the best results, both in terms of shoot regeneration and elongation and the lowest incidence of STN. Fructose completely inhibited the development and elongation of shoots. On glucose-containing medium, abnormal thick and stunted shoots were produced. Maltose-supplemented medium resulted in the development of the greatest number of necrotic shoots (Table 3) . Table 1 Effect of composition and ionic strength of medium on regeneration and shoottip necrosis of H. procumbens after 4 weeks growth 
Induction of plantlets from callus cultures
Greenish-yellow friable callus was initiated at the basal end of nodal explants derived from in vitro regenerated shoots after 15-20 days on the MS medium supplemented with 4.4 μM BA and 1.8 μM IAA. A high percentage (82.3%) of explants exhibited callus formation on this medium. The callus was maintained on the same medium for 4-5 weeks and gradually became compact. Subsequently, explants were transferred to shoot-induction medium (MS + 4.4 μM BA + 5.4 μM IAA + 3% sucrose). Many green shoot buds differentiated from callus maintained at different concentrations of the cytokinin BA (Fig. 1) . BA at 4.4 μM with 5.4 μM IAA was optimum, where 5.1 ± 1.1 shoots developed per callus. At increased concentrations of BA both the number of shoots regenerated per callus (Table 4) as well as the shoot length (data not presented) declined. No further experiments were done on the resultant plantlets as they were very weak and severely affected by hyperhydricity.
Effect of sub-culturing on STN
More frequent transferring of explants to fresh medium (every two weeks) reduced the development of necrotic shoots. A significant decline in the percentage of necrotic cultures was recorded following the transfer of explants to fresh medium after 2 weeks, compared to those maintained on the same medium for 4 weeks (Table 5 ). This approach also favoured both proliferation and elongation of shoots. Similarly, Mng'omba et al. (2007) reduced the effect of STN on jacket plum by continuously subculturing microshoots to fresh medium. They noted that the use of 0.3 mg/l casein hydrolysate slightly reduced STN. However, this had a negative effect on cultures of H. procumbens (results not presented). One possible explanation would be the accumulation in large quantities of ethylene which is likely to influence plant growth and development (Biddington, 1992) . It could also be due to a change in the availability and metabolism of some media components.
Conclusions
Regeneration of multiple shoots of H. procumbens was achieved through direct organogenesis. Indirect organogenesis is not a viable option due to hyperhydricity. Virtually all culture conditions tested had an effect on the problem of STN. The best regeneration was achieved using half-strength MS medium with sucrose as the carbon source. Frequent sub-culturing (every two weeks) reduced the incidence of STN. More experiments to investigate other culture conditions need to be done to further characterize and control STN. 
